This study developed models to predict lactic acid concentration, dipping time, and storage temperature combinations determining growth/no-growth interfaces of Listeria monocytogenes at desired probabilities on bologna and frankfurters. L. monocytogenes was inoculated on bologna and frankfurters, and 75 combinations of lactic acid concentrations, dipping times, and storage temperatures were tested. Samples were stored in vacuum packages for up to 60 days, and bacterial populations were enumerated on tryptic soy agar plus 0.6% yeast extract and Palcam agar on day zero and at the end point of storage. The combinations that allowed L. monocytogenes increases of >1 log CFU/cm 2 were assigned the value of 1 (growth), and the combinations that had increases of <l log CFU/cm 2 were given the value of 0 (no growth). These binary growth response data were fitted to logistic regression to develop a model predicting probabilities of growth. Validation with existing data and various indices showed acceptable model performance. Thus, the models developed in this study may be useful in determining probabilities of growth and in selecting lactic acid concentrations and dipping times to control L. monocytogenes growth on bologna and frankfurters, while the procedures followed may also be used to develop models for other products, conditions, or pathogens.
Food-borne illness caused by Listeria monocytogenes is estimated to cause 2,493 infections and 499 deaths annually in the United States (17) . Although processed meats may contain antimicrobials to inhibit L. monocytogenes growth, their effectiveness may vary due to the type of product and other factors (7, 14) . Nuñez de Gonzalez et al. (18) suggested that most of the L. monocytogenes contamination on ready-to-eat (RTE) products occurs after processing. The U.S. Department of Agriculture Food Safety and Inspection Service (26) established a new listeriosis control regulation for RTE meat and poultry products that may be exposed to postprocessing contamination and allow L. monocytogenes multiplication during storage. According to this regulation, processors must improve L. monocytogenes control by including one of three alternative approaches in their hazard analysis critical control point plans or prerequisite programs. Alternative 1 requires processing and chemical antimicrobial interventions that inactivate and inhibit L. monocytogenes growth. Alternative 2 involves the use of either processes or antimicrobial agents that inactivate or inhibit growth of the pathogen. Alternative 3 focuses on documented sanitation, intensive sampling/testing, and product-holding programs to control L. monocytogenes growth; sampling/testing intensity decreases under alternative 2 and especially under alternative 1. Thus, the industry needs information on antimicrobial treatments that may be considered for use to meet these regulatory requirements (5, 6) . In response to such need, studies have evaluated the effectiveness of dipping or spraying RTE meat and poultry products with antimicrobial solutions including lactic acid (1, 5, 6, 8, 9, 10, 18, 19, 23) . Palumbo and Williams (19) suggested that the application of a secondary lethal treatment would provide additional protection and safety to the processor and consumer. In addition, storage temperature may influence not only pathogen growth but also the antimicrobial effects of the secondary inhibitory treatments during storage. According to the U.S. listeriosis risk assessment (29) , discontinuing use of refrigerators operating above 7°C and 5°C could reduce the number of estimated listeriosis cases in the United States from 2,105 to 656 (69% reduction) and 28 (Ͼ98% reduction) per year, respectively.
Although currently RTE foods must comply with a "zero tolerance" policy for presence of the pathogen in the United States, other countries, such as those in the European Union (3), have variable tolerances depending on product properties and intended consumers. Such variable tolerances may also be considered in the United States in the future (28) . In instances where certain growth levels may be allowed in a product, means of predicting storage time and conditions for such growth under various probability levels would be necessary.
Mathematical models have been developed to predict the fate of pathogens in foods, based on experimental data from studies evaluating the effects of combinations of factors that influence their growth (25) . Kinetic mathematical models calculate the microbiological shelf life of food products, while probabilistic models are used to predict the probability of growth of a microorganism under various storage conditions (11, 25) . The concept of determining the probability of food-borne-pathogen growth was introduced by Genigeorgis et al. (4) for the prediction of combinations of factors that prevented growth and toxin production by Staphylococcus aureus. In addition, Ratkowsky and Ross (21) introduced the use of logistic regression for modeling the boundary between growth and no growth. Mathematical modeling of growth limits has been considered to be a critical component of modern predictive microbiology (16) . However, even though the majority of foods are solid, most models have been developed with data from studies with liquid laboratory media (30) . Thus, modeling the boundaries between growth and no growth of foodborne pathogens by using results of studies conducted with foods should be useful. Thus, the objective of this study was to develop models to predict growth/no-growth boundaries of L. monocytogenes contamination on bologna and frankfurters at desired probabilities as a function of lactic acid concentration, dipping time and storage temperature.
MATERIALS AND METHODS
Preparation of inoculum. The 10-strain mixed inoculum of L. monocytogenes bacteria (Scott A, NA-3, NA-19, 101 M, 103 M, 558, PVM1, PVM2, PVM3, and PVM4) used in this study was prepared as described by Bedie et al. (2) and Samelis et al. (22, 23) . Stationary-phase cells were harvested by centrifugation (4,629 ϫ g, 15 min, 4°C), washed, resuspended in phosphate-buffered saline (pH 7.4; 0.2 g of KH 2 PO 4 , 1.5 g of Na 2 HPO 4 ⅐ 7H 2 O, 8.0 g of NaCl, and 0.2 g of KCl in 1 liter of distilled water), and diluted appropriately in phosphate-buffered saline to obtain approximately 2 log CFU/cm 2 on product samples after inoculation. Preparation of samples and inoculation. Bologna samples (including no antimicrobials) were prepared according to procedures described by Bedie et al. (2) and Samelis et al. (22) . Commercial frankfurters (including no antimicrobials) were also used in this study. The formulation of frankfurters consisted of pork, water, modified food starch, hydrolyzed soy and potato proteins, corn syrup, salt, dextrose, flavorings, potassium chloride, autolyzed yeast, sodium phosphates, smoke flavoring, paprika, sodium erythorbate, and sodium nitrite. A 0.1-ml portion of the inoculum was spread over one side of each bologna slice with a sterile, bent glass rod, left to stand at 4°C for 15 min to allow bacterial attachment, and then inoculated on the second side, using the same procedure. A 0.25-ml portion of the inoculum was deposited over two frankfurters in a vacuum bag (15-cm by 20-cm, 3 mil standard barrier, nylon/polyethylene vacuum pouch; Koch, Kansas City, MO). The frankfurters were then massaged in the bag to spread the inoculum over the entire surface of the product. The inoculated frankfurters were stored at 4°C for 30 min to allow for bacterial attachment.
Application of treatments. Following inoculation, bologna (14 slices/300 ml of lactic acid solution) and frankfurters (20 frankfurters/800 ml of lactic acid solution) were completely immersed into lactic acid solutions (0, 1, 2, 3, or 4%; Purac, Lincolnshire, IL) (4°C) for 0, 1, 2, 3, or 4 min. Two bologna slices or frankfurters were then placed into vacuum bags (15 by 20 cm; Koch), vacuum packaged (Hollymatic Corp., Countryside, IL), and stored at 4°C (bologna, 60 days; frankfurters, 40 days), 7°C (bologna, 50 days; frankfurters, 35 days), and 10°C (bologna, 30 days) or 12°C (frankfurters, 15 days). For model development, it was assumed that if L. monocytogenes growth has not been observed within 30 days and 15 days at 10°C and 12°C, respectively, then it will not happen later.
Microbiological analyses. Samples were aseptically transferred into a WhirlPak bag (Nasco, Modesto, CA) containing 50 ml of maximum recovery diluent (0.1% peptone and 0. 85% NaCl) (13) and shaken 30 times (1). After serial dilution of the rinsate, 0.1-ml portions of selected dilutions were plated onto tryptic soy agar (Difco, Becton Dickinson and Company, Sparks, MD) plus 0.6% yeast extract (Acumedia, Lansing, MI) (TSAYE) and Palcam agar (Difco) to enumerate total bacterial populations and cell counts of L. monocytogenes, respectively, at time zero and the end point of storage. All plates were incubated at 30°C for 48 h (Palcam agar) or at 25°C for 72 h (TSAYE), and colonies were recorded as the number of CFU/cm 2 .
The pH values of sample homogenates in maximum recovery diluent were determined using a pH meter with a glass pH electrode (Denver Instruments, Arvada, CO).
Evaluation of growth response. A total of 75 combinations of storage temperatures (4, 7, 10, or 12°C), lactic acid concentrations (0 to 4%), and dipping times (0 to 4 min) in two replicates (two samples/replicate) for each combination were studied. Microbiological data (CFU/cm 2 ) were converted into log 10 CFU/cm 2 values before being analyzed. Combinations that had Նl-log CFU/cm 2 increases in cell counts of L. monocytogenes bacteria were assigned the value of 1 (growth), while combinations that had Ͻl-log CFU/cm 2 increases were given the value of 0 (no growth). The threshold level of pathogen growth may be changed according to a company's product standards or other considerations, including regulatory standards if different than "zero tolerance." Koutsoumanis et al. (11) also used a threshold level of 1-log growth to determine growth or no growth for the evaluation of a model's performance. The U.S. Department of Agriculture Food Safety and Inspection Service determines the degree of inspection frequency of sampling in commercial plants based on whether the treatments applied (26) allow 1-or 2-log units of growth (27) . Thus, there are situations where it is useful to predict probabilities of a certain level of pathogen growth rather than to predict magnitudes of bacterial populations during storage. This can be accomplished with a probabilistic model based on results obtained from studies with foods, considering the effects of food structure and microbial interactions on pathogen behavior (11, 20) . Moreover, the results using visible changes (e.g., turbidity) in broth media could be used to develop the probabilistic model; however, it may result in underestimating the risk of L. monocytogenes growth because the visible changes may happen after growth of the pathogen by several log CFU. Because of these reasons, the binary data were created from log counts as described above.
Model development for growth/no-growth boundaries at desired probabilities. The growth response data were used in logistic regression analysis (PROC LOGISTIC) using SAS version 9.1 (SAS Institute Inc., Cary, NC) for the development of models to predict the boundaries between growth and no growth (21) . Equation 1 was derived using the logistic regression analysis and the automatic variable selection option (P Ͻ 0.05) with a stepwise selection method to determine estimates of significant parameters (11, 12, 15) . For the selection of parameters, a parameter was left in a model, even though it was not significant (P Ն 0.05), if the parameter was involved in an interaction which was significant.
where Logit(P) is an abbreviation for ln [P/(1 Ϫ P)], P is the probability of growth (in the range of 0 to 1), a i values are estimates, T is storage temperature, LA is lactic acid concentration, and DT is dipping time. To produce the predicted boundaries between growth and no growth for probabilities of 0.1, 0.5, and 0.9, Microsoft Excel Solver was used (11, 12, 15) . Model validation. The predicted probabilities of growth from the models were compared with observed data from the limited literature data available on RTE meat products stored in vacuum packages. If a Ͼ1-log CFU/cm 2 increase was observed during storage, it was defined as "growth," and if a Ͻ1-log CFU/cm 2 increase in growth or a decline was observed, it was defined as "no growth" (11) . In literature data, growth response at 10°C was determined within 15 days (frankfurters) and 30 days (bologna) of the storage time.
RESULTS AND DISCUSSION
The average pH value of untreated (0% lactic acid) bologna was 6.22, and it decreased to within the ranges of 5.27 to 5. In general, total bacterial populations recovered with TSAYE were similar to those determined with Palcam agar (data not shown), and thus, bacterial populations recovered with Palcam agar were used to develop models. The estimates of parameters selected from logistic regression analysis are presented in Table 1 and were used to generate boundaries between growth and no growth of L. monocytogenes at probabilities of 10, 50, and 90% for bologna and frankfurters ( Fig. 1  and 2 ). In Fig. 1 and 2 , observed growth responses were determined according to the averages of differences in cell counts of L. monocytogenes between day zero and the end point of storage; an average of Ն1 log CFU/cm 2 indicates growth, and an average Ͻ1 log CFU/cm 2 indicates no growth. As expected, the MICs of lactic acid solutions decreased with increasing 
FIG. 1. Observed growth response (growth [E] and no growth [F]
) and predicted boundaries between growth and no growth of Listeria monocytogenes on bologna stored at 4°C (A), 7°C (B), and 10°C (C), with respect to lactic acid concentrations and dipping times at growth probabilities of 0.1 (upper line), 0.5 (middle line), and 0.9 (lower line).
FIG. 2. Observed growth response (growth [E] and no growth [F])
and predicted boundaries between growth and no growth of Listeria monocytogenes on frankfurters stored at 4°C (A), 7°C (B), and 12°C (C), with respect to lactic acid concentrations and dipping times at growth probabilities of 0.1 (upper line), 0.5 (middle line), and 0.9 (lower line).
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MODELING LISTERIA MONOCYTOGENES GROWTH BOUNDARIES 355 dipping times for both bologna and frankfurters ( Fig. 1 and 2 ). This finding is also supported by results in Fig. 3 which show that lower concentrations of lactic acid needed longer dipping times and that use of 1% lactic acid solution was not sufficient to inhibit L. monocytogenes growth on either bologna or frankfurters. Probability of L. monocytogenes growth on bologna reached approximately 0 after dipping for 1 to 2 min in 2%, 3%, and 4% lactic acid solutions, while a longer dipping time was needed to inhibit L. monocytogenes growth on frankfurters than that for bologna (Fig. 3) . This finding may be due to the cut surface of bologna slices, which may allow more absorption of lactic acid than the frankfurters' intact surface, resulting in lower pH values of bologna than those of frankfurters (bologna, 5.27 to 5. Fig. 3 may be useful in choosing suitable lactic acid concentrations and dipping times to obtain a desired level of control of L. monocytogenes growth on bologna and frankfurters. The predicted boundaries between growth and no growth of L. monocytogenes were produced as a function of lactic acid concentration, dipping time, and storage temperature at the probability level of 0.5, using the estimates listed in Table 1 (Fig. 4) . This may help in the prediction of combinations of minimal levels of the treatments needed to limit L. monocytogenes growth at desired probabilities.
For measures of goodness of fit of the models developed, the concordance indices (i.e., the degree of agreement between the predicted probabilities and the observed responses) were used (11, 12) . As determined by the concordance indices of logistic regression analysis, the degree of agreement between the predicted probabilities and the observations was 96.5% for bologna and 95.4% for frankfurters, while corresponding discordance values were 0.2% and 4.2%, respectively. In addition to the concordance indices, predicted probabilities of growth were compared to the observed growth response data on which the model was based for further evaluation of the goodness of fit (11, 12) . The results showed that observed growth responses of one combination from bologna (1.3%) and five combinations from frankfurters (6.7%) disagreed with the model prediction; in the model prediction, growth or no growth of the combinations were determined at a probability of 0.5. Moreover, deviance statistics were 16.46 (P ϭ 1.000) and 39.67 (P ϭ 0.9987) for bologna and frankfurters, respectively. The model developed was validated with the limited available data from RTE meat products, and the results indicated that the model displayed agreement with the majority of actual growth responses of L. monocytogenes in RTE meat products except for those in a study by Samelis et al. (23) , which showed significant growth of L. monocytogenes on bologna within 20 to 30 days at 4°C (Table 2 ).
In conclusion, the minimum concentrations of lactic acid solutions needed to inhibit L. monocytogenes growth on bologna and frankfurters decreased with increasing dipping times, and lower storage temperatures would enhance antimicrobial effects of lactic acid. In addition, longer dipping time was needed to inhibit L. monocytogenes growth on frankfurters compared to that for bologna. Models developed in this study may be useful in selecting lactic acid concentrations, dipping times, and storage temperatures to control L. monocytogenes growth on bologna and frankfurters and in determining the probabilities of growth under the selected conditions, while the modeling procedures presented may be useful for application in various foods, pathogens, and antimicrobial factors. 
